Yorke Peninsula over a distance of 80 km and included a coastal township, Port Victoria (34°29.57′S, 137°29.34′E), coastal sand dunes at Port Rickaby (34°40.75′S, 137°29.80′E), inland agricultural roadside verge at Minlaton (34°47.12′S, 137°34.27′E) and a tourist coastal nature walk at Port Vincent (34°45.49′S, 137°51.77′E).
Over one year from April 2001 to March 2002, eight separate snail collections were conducted at regular 7-10-week intervals. On each occasion, at each of the four field sites, 50 snails of each species present were collected. As described previously Grove 2003, 2005) each snail was dissected and examined for the presence of B. cribbi sporocysts and metacercariae and the numbers of metacercariae per infected snail counted. At each collection time, only snails considered to be adults were selected. Age assessment for the globose snails was based on shell diameter and for the conical snails on shell height, as described by Smith and Kershaw (1979) .
The first collections were made in late autumn (May 2001 ) when snails surviving summer aestivation sealed on fence posts and vegetation had returned to the ground to feed and reproduce. Subsequent collections were taken at regular intervals over the year with two separate samples taken in winter (June-August 2001) , spring (September-November 2001) and summer (December 2001 -February 2002 , with a final collection at the start of the new autumn season (March 2002) . Climatic data for the collection period was obtained from the South Australian Bureau of Meteorology. Also, during the collection period the diversity of animal life was recorded by observing the presence of bird, mammal and reptile life and identifiable animal scats.
The statistical package GraphPad Prism version 3.02 for Windows (GraphPad Software, San Diego, CA, USA) was used for all statistical analyses and graph preparation. One-way ANOVA analysis of variance with Tukey's multiple-comparison post hoc test was used for comparisons of multiple groups of data with probability values ≤ 0.05 being considered to be statically significant at 95% confidence limits.
Results

Mollusc diversity and size
Both Cochlicella acuta Müller, 1774 and Cernuella virgata da Costa, 1778 were present at all collection sites, with a total of 1600 snails of each species being examined. Theba pisana Müller, 1774 was present at all sites with the exception of Minlaton, with a total of 1200 snails being examined. The mean (±s.d.) shell diameters for the globose snails T. pisana and C. virgata were 16.3 (±1.7) mm and 12.9 (±1.9) mm respectively and the mean shell height for the conical snail C. acuta was 12.7 (±1.4) mm.
Climatic conditions and macrobiotic changes
The study period was selected to start at the time of the first regular autumn rainfalls, which is generally at the end of April. Average rainfall and maximum and minimum temperatures for the central Yorke Peninsula from 30 April 2001 (Week 0) to 30 April 2002 (Week 52) were calculated and compared with the mean for all years of recorded data obtained from the South Australian Bureau of Meteorology (Fig. 1 ). There were little differences in the average maximum and minimum temperatures during the study period, with a slightly cooler spring and start to summer than the norm. Monthly mean rainfall data showed a wetter than normal winter (Weeks 4-17) and spring (Weeks 18-31) and a drier than normal summer (Weeks 32-43) and start to autumn (Weeks 33-52). There were very distinct seasonal changes at all the collection sites over the study period.
Snails were observed predominantly on the ground and lower levels of the vegetation during the wet winter and spring. At the Minlaton collection site, farming activities such as roadside grass reduction, stock movements and snailcontrol programs in the form of stubble burning and grass slashing had a considerable impact on reducing the snail population. In contrast, at the Port Vincent collection sites, where there were no snail-control measures, the snail population thrived in the wet winter and spring conditions with a noticeable population explosion. At this time, determining snail densities was almost impossible due to the abundant vegetation but a conservative estimate of 200-500 snails per square metre was not unrealistic.
As the average temperatures increased in late spring and summer, snails moved from the ground to aestivate on trees, bushes and fence posts. C. acuta preferred the underside of bark or underneath fallen logs whereas T. pisana and C. virgata would cluster on posts and trees. Summer aestivation began earlier at Port Victoria, Port Rickaby and Minlaton than at Port Vincent. This was most likely due to the more abundant vegetation and slightly cooler coastal conditions at Port Vincent, which favoured a longer period of snail activity, than at the hotter inland locations where the vegetation quickly dried and withered.
The level of animal activity was observed by noting the presence of any identifiable animals or their scats at each collection site over the study period. At all sites there was an abundance of bird life, which included predominantly little ravens (Corvus mellori), blackbirds (Turdus merula), starlings (Sturnus vulgaris), crested pigeons (Ocyphaps lophotes), magpies (Gymnorhina tibicen), pigeons (Columba livia), silver gulls (Larus novaehollandiae), house sparrows (Passer domesticus) and common mynas (Acridotheres tristis). This was particularly noticeable at Port Vincent where the protection of coastal bushes and trees provided a haven for birds. Very few mammals were observed other than field mice (Mus sp.), rabbits (Oryctolagus cuniculus) and feral cats (Felis catus) although scats of kangaroos (Macropus sp.) were seen at Port Rickaby and scats of dogs (Canis familiaris) and/or foxes (Vulpes vulpes) were seen at Port Victoria and Port Vincent. Herds of farm animals, including sheep (Ovis sp.) and cattle (Bovis sp.), were moved along the roadside collection site at Minlaton. Shingleback lizards (Tiliqua rugosa) were active during late spring and summer at all sites. Snails were observed clustered around, and feeding on, animal scats during the wetter winter and spring months. There were large deposits of bird scats observed on fence posts and rails, which were on and around the locations of snail aestivation. Little ravens (Corvus mellori) were observed picking off and eating aestivated snails from fence posts during the summer months.
Sporocyst infection rates
At the start of the study period in April, after summer aestivation, the mean sporocyst-infection rate for all combined snail species was 2.7%. Prevalence rates steadily increased over winter and spring before a dramatic decline during late spring and over summer (Fig. 2) . The initial infection rate for T. pisana at Port Vincent was the highest of all snails at 8% (Fig. 2c ). This represents sporocyst-infected snails that survived summer aestivation. Compared with C. acuta and C. virgata, infection rates for T. pisana were more erratic during late autumn, winter and spring but there was still a general increase over winter and spring and a decline over summer. When the numbers of sporocyst-infected snails from all field sites were compared there were no significant differences among the three species over the duration of the study. However, when the sporocyst-infection rates for the Seasonal B. cribbi infection rates three species were compared over the different seasons there was a significantly higher infection rate in spring than in summer (P < 0.01), autumn (P < 0.01) and winter (P < 0.05); there were no differences between summer, autumn and winter. The peak sporocyst prevalences were 10-78% for C. acuta, 12-44% for C. virgata and 10-18% for T. pisana. It was often difficult to distinguish new-season juvenile T. pisana from the previous year's adults. The growth rate of T. pisana in the field was rapid, with newly hatched snails reaching adult size in 6-10 weeks. This was most noticeable during the winter collections (Weeks 6 and 11) where juvenile snails could be distinguished from adults on shell size compared with the spring collection (Week 18), at which time all snails in the field were similar in size. In comparison, the growth rates of C. acuta and C. virgata were slower, with juvenile snails being readily separated from the previous year's adult snails until December (Week 33), when all the snails in the field were of equivalent size.
The highest sporocyst-infection rates were in snails collected from Port Vincent. This was particularly noticeable in C. virgata and C. acuta collected in spring (Week 25). At that time 78% of C. acuta and 44% of C. virgata collected at Port Vincent were infected with B. cribbi sporocysts.
Metacercaria rates and intensity of infection
Metacercariae were present in all snail species at each collection site during the study period (Figs 3a, 4a, 5a) . At the start of the study period, after summer aestivation, all snail species had a metacercarial infection rate above 10%, with C. virgata collected from Port Victoria having the highest infection rate of 98%. Generally, infection rates increased with the onset of winter rains, peaked in winter for T. pisana (average 50% infected) and spring for C. acuta and C. virgata (average 80% infected), then declined in summer. There was, however, a decline in the percentage of infected T. pisana after the first spring collection (Week 18). This decline in metacercaria-infected T. pisana was consistent at all three collection sites where T. pisana was present and, by the end of summer, the percentage of infected T. pisana was below that observed at the start of the study. A similar fall in the percentage of snails infected at the end of the study period compared to the start was also seen for C. acuta and C. virgata but was not as dramatic as was observed for T. pisana. When the numbers of metacercarial-infected snails from all field sites were compared there was no difference between C. acuta and T. pisana over the duration of the study. However, C. virgata showed a significantly higher metacercarial infection rate when compared with C. acuta (P < 0.05) and T. pisana (P < 0.001). There were no significant differences among the three species when the seasonal metacercarial infection rates were compared.
The intensity of infection varied considerably depending on the snail species (Figs 3b, 4b, 5b) . The average numbers of metacercariae per infected snail over the study period were 5.4 for C. virgata, 3.9 for C. acuta and 2.2 for T. pisana. C. virgata generally had the highest infection load, with 12.5 ± 13.4 metacercariae per infected snail recorded for snails collected in spring (Week 25) from Port Vincent. C. acuta also had a peak infection intensity at that time, which correlated with the increase in sporocyst-infected snails observed at Port Vincent. At the other collection sites, the intensity of metacercarial infection was relatively con- stant for C. virgata and C. acuta with the exception of C. virgata collected from Port Victoria in late autumn and winter (Weeks 3, 6 and 11), where the intensity was at its maximum.
T. pisana had the lowest intensity of infection, with a range of 1-4 metacercariae per infected snail. Also, over spring and summer, there was a constant decline in intensity of infection observed in T. pisana, which mirrored the decline in the metacercarial infection rate. These results show that T. pisana is the least susceptible of the three species, having the lowest prevalences of both sporocyst and metacercarial infections and the lowest intensity of infection with metacercariae. C. virgata and C. acuta are very similar in their seasonal response to B. cribbi infection, with both species showing a high level of susceptibility as both first and second intermediate hosts. 
Discussion
Many factors can influence the seasonal prevalence rates of digeneans. These include both micro-and macrohabitat ecology, definitive and intermediate hosts' life-cycles, infection dynamics and human intervention in the local habitat May 1979a, 1985; May and Anderson 1979; Woolhouse 1991) . Cyclical variations in the prevalence of B. cribbi-infected snails could have an impact on the potential risk of human infections. Snail contamination of homegrown vegetable crops has been linked as the source of a human infection (Butcher et al. 1998) . As most of these crops are seasonal, it is important to understand the likely risk of B. cribbi-infected snails contaminating these crops at the time of harvest and therefore the potential risk of infections for humans.
This study has shown that the percentages of sporocystinfected snails increases in late autumn after snails have returned to the ground to feed and reproduce after summer aestivation, with a corresponding increase in metacercarial infection rates in spring. Many metacercaria-infected snails survive the summer aestivation and provide a source of infection for definitive host animals all year round. In the laboratory, B. cribbi eggs have been shown to remain viable in mouse faeces for longer than 6 months (unpublished observation). If egg survival is similar in nature then accumulated animal scats from infected definitive hosts provide a source of infection for snails emerging after aestivation. T. pisana has been reported to feed on crops at the seedling stage and leguminous plants whereas C. virgata and C. acuta feed primarily on decayed organic matter (Baker 1986 (Baker , 1988 Baker and Vogelzang 1988; Baker et al. 1991) . Animal scats from birds, mammals and reptiles were abundant at each collection site and contaminated the vegetation and environment of the snails thus providing a source of B. cribbi eggs. The dramatic increase in sporocyst-infected snails in spring indicates that most snails were exposed to B. cribbi eggs in early autumn and winter as the prepatent period for sporocyst development is 7-10 weeks Grove 2001, 2003) . The lower level of sporocyst infections in T. pisana is likely to be largely due to the difference in feeding patterns of these snails and/or the dilution effect of recently hatched snails, which cannot be differentiated from adults. Also, laboratory susceptibility experiments showed that T. pisana was generally the least susceptible of the first intermediate hosts, with the exception of M. armillata (Butcher and Grove 2003) . It is likely that a combination of intrinsic susceptibility and life-cycle biology influences seasonal sporocyst prevalence rates of T. pisana.
The reduction in sporocyst infection rates in late spring and early summer is probably related to the die-off of second-calendar-year snails after reproduction. Studies of the life-history of helicid and hygromiid snails in Australia show that they are primarily biennial, with offspring being produced from autumn to spring, and have a life span of two years (Baker 1986 (Baker , 1988 (Baker , 1991 Baker and Vogelzang 1988; Baker et al. 1991) . Reduction in larval trematode prevalence rates due to snail die-off after reproduction has been reported in the mudsnail Hydrobia ventrosa in the temperate windflats of the southern Baltic Sea (Kube et al. 2002) . Also, parasite-induced mortality could account for the decline in sporocyst infection rates in late spring as well as the dilution effect of the new generation of uninfected snails. Parasiteinduced mortality has been shown to affect trematode prevalence rates in the snail Physa gyrina (Snyder and Esch 1993) . Also, schistosome parasites induce a high level of mollusc mortality, with the life-span of some snails being less than the prepatent period of the infection (Anderson and May 1979b) . Seasonal climatic changes can also affect trematode larval prevalence. Larval trematode prevalence in the snail Lymnaea stagnalis, studied in south-eastern Wisconsin, USA, showed a failure of sporocyst-infected snails to survive the winter conditions (Yoder and Coggins 1998) . Seasonal climatic conditions also have a significant effect on opisthorchiasis in north-east Thailand with a significant reduction in the numbers of intermediate host snails and fish during the dry season from January to April as water bodies dry up and intermediate host habitat is reduced (Hinz et al. 1994) . Thus, seasonal conditions, parasite-induced death, natural snail mortality and/or new-generation population growth would account for the decline in B. cribbi sporocystinfection rates in late spring and early summer. In the laboratory studies of the life-cycle of B. cribbi it was shown that there was higher mortality in sporocyst-infected snails compared with non-infected snails (Butcher and Grove 2003) . This indicates that parasite-induced death could influence the natural seasonal variation in the numbers of sporocystinfected snails. When the data from all collection sites were combined there were no significant differences in the rise and fall of sporocyst-infection rates among the three species of snails. However, there was a significantly higher sporocyst-infection rate in all species of snails during the spring collection period. For metacercarial infection rates the opposite was the case, with no significant difference over the seasons but a significantly higher infection rate in C. virgata than in T. pisana and C. acuta. This demonstrates that sporocyst infection may be lethal and thus reduces the numbers of sporocyst-infected snails that persist over the seasons. On the other hand, metacercarial infection does not show the same parasite-induced mortality; thus snails infected with metacercariae persist over the various seasons in sufficient numbers to enable the parasite to maintain its life-cycle.
Metacercarial infection rates for C. virgata and C. acuta were similar, with an increase in the percentages of infected snails in spring and a decline over summer. In general, infection rates for both species were above 50%, with peak infection rates in spring above 95%. Infections persisted in snails over the summer months, which provides a source of infec-tion for those animals eating snails as a food over summer. Scavenger birds such as the little raven (Corvus mellori) were observed eating aestivated snails on fence posts in summer. Infected animals would shed B. cribbi eggs in their faeces two weeks or so after infection and therefore provide a source of eggs for the establishment of new sporocystinfected snails. T. pisana appears to be the least susceptible of the three species, showing lower metacercarial infection rates and intensities of infection. Cribb (1990) also reported that T. pisana collected from Monarto, South Australia, in August (late winter) had the lowest percentage infection rate (23%) and the lowest mean number of metacercariae per infection (1.3) compared with C. virgata (61%, 6.4) and C. barbara (56%, 4.5) collected at the same time. The decline in metacercarial infection rates in T. pisana from late winter to summer was also different to that observed in C. virgata and C. acuta. This difference could be related to the lower level of susceptibility of T. pisana and/or a dilution effect of infected snails with uninfected new-season snails.
Human activity can also influence seasonal variation in parasite prevalence rates. This has been shown in studies of schistosomiasis, where irrigation of sugar crops in Senegal has altered the natural ecology, which has changed the host snail population and increased the prevalence of schistosomiasis (Sturrock et al. 2001) . Also, seasonal definitive host activity can influence prevalence rates. This has been reported for Schistosoma haematobium in Morocco, where infection rates in snails peak in the summer months when human-water contact is frequent (Khallaayoune and Laamrani 1992) . The annual fluctuation in Schistosoma japonicum infections in Leyte, the Philippines, is influenced by the activities of field rats, which are reservoir hosts (Kamiya et al. 1980) . Similarly, in this study the effects of human and animal activities in the environment are likely to have influenced the rates of sporocyst and metacercarial prevalence of B. cribbi at each of the four field sites. At Minlaton, where there was considerable agricultural activity and snail control measures were used, the sporocyst and metacercarial infection rates were generally the lowest at each collection time. In contrast, the relatively undisturbed site at Port Vincent, where there was an abundance of animal life, favourable weather conditions, ample vegetation as a snail food source and limited human intervention, allowed the snail population to flourish. This provided a high level of animal and snail contact, which provided ideal conditions for B. cribbi to proliferate.
In summary, this study has shown that there is considerable seasonal variation in the rates of sporocyst and metacercarial infection of B. cribbi in the natural environment. The hyperabundance of B. cribbi in the natural environment in Southern Australia is due to the favourable conditions for helicid and hygromiid snail proliferation, survival of the parasite in intermediate and definitive hosts over the various seasonal conditions and the abundance and wide host range of B. cribbi in the natural environment. The prevalence of B. cribbi-infected snails and the population densities of helicid and hygromiid snails in South Australia presents a significant risk of further human infections. Metacercariainfected snails are at their highest levels in spring and pose a significant infection risk at that time of the year for young children who ingest snails. It is advisable to take particular care to eliminate snails from home-grown produce to reduce the risk of accidental ingestion of metacercariae.
